Purpose: Blood lactate concentration, [BLa], after swimming events might be influenced by demographic features and characteristics of the swim race, whereas active recovery enhances blood lactate removal. Our aims were to (1) examine how sex, age, race distance, and swim stroke influenced [BLa] after competitive swimming events and (2) develop a practical model based on recovery swim distance to optimize blood lactate removal. Methods: We retrospectively analyzed postrace [BLa] from 100 swimmers who competed in the finals at the Canadian Swim Championships.
The glycolytic contribution to maximal effort exercise lasting 20-120 s results in the accumulation of muscle and blood lactate. [1] [2] [3] Peak blood lactate concentration, [BLa] , following maximal exercise is positively related to performance in swimming 4 (r = .633) and running 5, 6 (r = .76-.91) events. Evaluation of [BLa] following competitive races also provides evidence of the physiological stress for an individual athlete in a given event. Thus assessing [BLa] in athletes participating in events with a large glycolytic contribution is important for a variety of training and competitive purposes.
Competitive swimming provides an ideal model for characterizing the blood lactate response during competition with events that range in duration from about 20 s (50 m freestyle) to 15 min (1500 m freestyle). Several groups of investigators have reported that [BLa] following competitive swim races is highest after 100 m and 200 m race distances. 4, [7] [8] [9] Yet questions remain as to how peak [BLa] varies with age, sex and swimming stroke (freestyle, backstroke, butterfly, breaststroke and individual medley). For example, Bonifazi et al 7 and Benelli et al 10 observed sex differences in top level and master swimmers respectively, however the range of blood lactate values after competitive races were similar in a group of male and female teenage swimmers. 8 Differences in [BLa] have also been reported between various swim strokes; [8] [9] [10] however, not all age groups demonstrate this trend. 8 Swimmers commonly compete in preliminary heats as well as finals and often participate in multiple events within a single day. This competitive schedule requires swimmers to recover and prepare several times throughout the day in an attempt to achieve optimal performance for each event. Strategies that speed the return of postrace [BLa] to resting values are often used by coaches and athletes in an effort to optimize subsequent performance. Active recovery following exhaustive exercise facilitates blood lactate removal compared with passive recovery. 11, 12 Greenwood et al 13 recently demonstrated that 10 minutes of active recovery performed around the exercise intensity corresponding to lactate threshold resulted in the highest lactate removal after a 200 m swim test. More important, Greenwood et al 13 reported that subsequent 200 m swim performance was improved in all participants following active recovery at this intensity. The duration of active recovery described in the literature has been standardized to 10-15 min, 12,13 which might or might not be ideal. 14 In an effort to expedite blood lactate removal while maximizing energy conservation between swimming events it would be of practical use to know if there is an optimal distance or time to recommend for active recovery.
Research on the effect of sex, age and race characteristics on postrace [BLa] during competitive swim events remains equivocal. In addition, sport scientists, coaches and athletes continually search for practical strategies to maximize recovery after an event in preparation for subsequent heat or final races. The aims of this study were (1) to describe the postrace [BLa] of elite-standard Canadian swimmers in the finals of the short-course National Championships and (2) to determine if a relationship exists between active recovery distance and blood lactate removal.
Methods

Experimental Design
We examined postrace [BLa] after the final races (top 8) in male and female swimmers competing in the 2009 Canadian National Swimming Championships. We also examined the effect of active recovery distance on [BLa] removal and developed a model that could be used by coaches as a practical tool during competitions where multiple races are performed on a single day. Anonymized data were obtained and retrospectively analyzed as approved by the Office of Research Ethics at the University of Toronto. This study was conducted in accordance with the Declaration of Helsinki.
Participants
Data from one hundred swimmers (n = 50 male and n = 50 females) were included in the analysis. Multiple races from the same person were included and thus data from 156 races were collected. Sixty swimmers participated in only one final, 27 participated in two finals, 10 participated in three, and 3 participated in four. The age of the swimmers ranged from 14 to 29 y (20.2 ± 3.3 y). Race results were collected from the host organizing committee and used to determine Fédération Internationale de Natation (FINA) points, a standard measure of international swimming performance where 1000 points represents the average of the top 10 all-time results in each event.
Blood Lactate Analysis
The athletes presented to the blood analysis area at poolside as quickly as possible following their finals race. Blood samples were collected within 3 to 5 min after race completion. Other investigators have reported taking blood samples for lactate analysis between 3 and 5 min, 9,12,15 while Bonifazi et al 4 observed peak [BLa] around 6-7 min after competitive events, thus we feel confident our sample collection time was suitable in order to observe peak-postrace [BLa] . Blood samples were obtained from a finger stick and analyzed using the Lactate Pro LT-1710 Analyzer (Arkray Lt., Japan). The Lactate Pro Analyzer is reliable (r = .993) and exhibits a high degree of agreement with enzymatic blood lactate analyzers (r = .975-.991). 16 After obtaining the postrace [BLa] swimmers proceeded to the recovery pool. In order to accurately reflect situations that arise in most competitions where full sport science support might not be available, we did not experimentally control the active recovery. Instead, athletes performed their own coach-directed active recovery regimen, which generally consisted of freestyle swimming at a submaximal pace for a given distance. When the initial active recovery distance was completed swimmers presented to the blood analysis area for the determination of [BLa] . If an athlete had a [BLa] above 2 mmol⋅L −1 they were asked to continue their active recovery at a self-selected pace and distance, then return for another assessment of [BLa] . All athletes achieved a [BLa] below 2 mmol⋅L −1 within four attempts. The distance of each active recovery segment as well as the total active recovery distance and the change in [BLa] from postrace to the lowest concentration achieved following the active recovery were recorded.
Statistical Analysis
Multiple races from the same athlete were included in the analysis therefore the assumption of independence was violated and conventional statistical techniques (eg, multiple regression) could not be used in this study. To evaluate the relationship between postrace [BLa] and characteristics of the swimmers (age and sex) and the races (stroke and distance) the generalized estimating equations (GEE) technique 17 was used, which accommodates for a violation of the independence assumption. Before fitting the GEE model, correlations between pairs of predictors were examined to ensure absence of multicollinearity in the model.
To evaluate the effect of active recovery on blood lactate removal, an exploratory model building approach was used. The [BLa] after active recovery was used as a dependent variable. Sex of the swimmers was entered in the model as a factor with two levels. Age of the swimmers, postrace [BLa] , and active recovery distance were entered in GEE models as covariates. The model with all possible predictors and interactions was developed, then nonsignificant effects were removed until the final, most parsimonious model was achieved using only significant predictors. The GEE models were run sequentially and each model was compared with the previous model using Quasi Likelihood under Independence Model Criterion (QIC) index to determine whether removal of nonsignificant parameters improved the fit of the model. QIC index is a model fit index used for model comparison of non-nested models. It is an extension of the Akaike information criterion (AIC) for repeated measures. Better fitting models have smaller QIC values. Similar to more simple statistical modeling techniques, like multiple regression, a table of parameter estimates is produced by SPSS for the GEE procedure. Parameter estimates (B) can then be used to build a prediction equation. Together with standard errors, parameter estimates are used to compute 95% confidence intervals. The hypothesis test of each parameter estimate being significantly different from zero is conducted with Wald chi-square test. The magnitude of the Wald test values can be used to judge the strength of prediction and relative contribution of different predictors to the model. Values are expressed as mean ± SD and statistical significance was set at P < .05. All statistical procedures were performed using SPSS Version 15.0 (Chicago, IL).
Results
Seven races had missing data and were excluded from the analysis, thus the GEE analysis included data from 149 finals races swam by 98 swimmers. Mean FINA points for the finals races included in this study was 899 ± 73. Statistically significant predictors from the GEE model are presented in Table 1 and revealed an interaction between sex and swim stroke as well as between race distance and swim stroke.
Results from the interaction between sex and stroke are presented in Figure 1 . Pairwise comparisons (Bonferroni adjusted) indicated that female swimmers had Figure  2 . The pattern of [BLa] across race distances was an inverted U-shape with mean postrace values for 50, 100, 200, 400, 800 and 1500 m events of 9.1 ± 1.9, 13.9 ± 1.9, 14.0 ± 1.7, 12.9 ± 2.9, 10.2 ± 2.1, and 6.4 ± 1.6 mmol⋅L −1 , respectively. Mean postrace [BLa] were similar between 100, 200 and 400 m races, but were greater for these events compared with the 50, 800 and 1500 m distances (P < .001). Outcomes for freestyle events followed this same pattern, whereas postrace The exploratory model building analysis used to examine the relationship between active recovery distance and blood lactate removal resulted in the development of two models, one for men and one for women (equations not shown). However, the equations were too cumbersome to be of practical use for coaches, therefore the model was further simplified until the most parsimonious model was reached. The parameter estimates of the final GEE model are presented in Table 2 resulting in the following prediction equation:
[BLa] change after active recovery = -3.374 + (1.162 × sex) + (0.789 × postrace [BLa]) + (0.003 × active recovery distance) where sex is 0 for male and 1 for female. This equation was then used with the 95% confidence intervals for each swim distance and each sex to construct recommended active recovery distances. These have been summarized in Table 3 .
To examine the predictive power of this model, predicted [BLa] after active recovery was saved as a new variable and correlation analysis between observed and predicted [BLa] was conducted. Predicted and observed values were highly related, r = .837, P < 0.001. Examination of the scatter plot between observed and predicted [BLa] revealed that the residuals were randomly distributed around the prediction model, indicating that predicted values were not biased. Average residuals (RMSE) between predicted and observed [BLa] was 1.6 mmol⋅L −1 , and the standard error of the estimate was 2.0 mmol⋅L −1 , which was smaller than the standard deviation of the observed change in [BLa] values (9.2 ± 2.9 mmol⋅L −1 ).
Discussion
Our data supports and expands upon previous findings about postrace [BLa] in male and female swimmers. Notably, the highest [BLa] was observed following 100 and 200 m events regardless of the swim stroke, indicating the high glycolyic contribution in these race distances. In contrast to previous research, 8 we observed no independent effect of sex and a negligible effect of age as determinants of postrace [BLa] . The athletes in this study were elite swimmers (as evidenced by the high mean FINA points) competing at the Canadian Championships and who were evaluated after the "A" finals. It has previously been reported that peak blood lactate concentrations occur when competing in main competitions, 4 therefore the findings from this observational-field-based study are likely to accurately reflect the responses of elite swimmers during major competitions.
We have reported an inverted U-shaped blood lactate profile across swim distances, with the highest [BLa] observed for the 100 and 200 m races and the lowest for the 50 and 1500 m events. This pattern has been described previously by other groups [7] [8] [9] and is a reflection of the energetic demands for each distance. 3 The estimated anaerobic contributions to maximal exercise are inversely related to exercise duration. 1 Because of the short duration of 50 m races (∼22-26 s) the ATP-PC system is able to supply a substantial proportion of the energy needed for these events, thus blood lactate concentration was lower in comparison with 100-400 m events. Within the 50 m events, postrace [BLa] was lowest for breaststroke and highest for butterfly (Figure 2) . It is unclear why this pattern emerged, especially considering that breaststroke and butterfly have both been reported to be less energetically economical compared with backstroke and freestyle events. 18 Our findings that the highest postrace [BLa] were observed following the 100 and 200 m races was not surprising. Kindermann following 400-800 m sprint running (∼45-120 s), which is equivalent in duration to 100-200 m events for elite swimmers. It is estimated that 37-63% of the energy supplied for events of this duration comes from glycolysis, 3 and as expected substantial blood lactate accumulation occurs during these events. Sex differences in postrace [BLa] have been reported for top level 7 as well as age group 8 swimmers; however, not all events display a substantial disparity between men and women. 7, 8 The distribution curve of postrace [BLa] is shifted to the right for males compared with females 7 and there is a tendency for [BLa] to be about 1 mmol⋅L −1 higher in most events for men. 8 We observed a sizeable sex difference in postrace [BLa] only following freestyle events with male swimmers achieving a greater [BLa] compared with women (13.4 ± 2.6 mmol⋅L −1 vs 11.3 ± 3.3 mmol⋅L −1 ). Only women were assessed following the 1500 m freestyle event, which had the lowest mean postrace [BLa] (6.4 ± 1.6 mmol⋅L −1 ); however, the sex difference persisted even when the outcomes from the 1500 m freestyle event were removed from the analysis (13.4 ± 2.6 mmol⋅L −1 vs 12.0 ± 2.9 mmol⋅L −1 ).
Previous researchers have reported that postrace [BLa] tends to be higher following IM events compared with other strokes, whereas breaststroke tends to result in lower [BLa] regardless of age or sex. [7] [8] [9] Men in the current investigation showed similar postrace [BLa] across the various swim strokes. The reason for the lack of difference between strokes in men is unclear. However, the observed relative difference between IM and other strokes for women is similar, albeit on the lower end, to other studies that demonstrated a 25-60% greater postrace [BLa] for IM compared with other strokes of equal distance in age group 8 and college 9 swimmers. The current results suggest that once an athlete reaches adolescence, there are minimal subsequent changes in the ability to produce lactic acid, as the outcomes from the GEE analysis indicated that chronological age was associated with a minimal increase of postrace [BLa] of only 0.09 mmol⋅L −1 per year. Research on glycolytic function in pediatric athletes is less extensive than research on aerobic metabolism, however the general consensus from the literature is that short-term high-intensity exercise capability increases during childhood and adolescence and that late puberty is a critical period for positive adaptation in the associated energy systems. 20, 21 Active recovery following high intensity swimming improves blood lactate clearance compared with passive recovery, 12-14 however optimal active recovery procedures are not universally agreed. The athletes in the current study completed their active recovery according to their individual coach's preassigned protocol. While this might not be experimentally optimal, it does reflect the reality of most swimming competitions. McMaster et al 12 demonstrated that swimming for 15 min between 55-75% of racing speed after a 200 yard challenge swim resulted in [BLa] returning to baseline (∼2 mmol⋅L −1 ). Greenwood et al 13 provided evidence that an active recovery performed at the speed associated with the lactate threshold was more effective for reducing [BLa] compared with speeds above or below the lactate threshold.
The current study investigated the relationship between self-selected active recovery distances and blood lactate clearance and resulted in the creation of a predictive model that can be used to prescribe optimal active recovery distances. We recognize that blood lactate assessment may not be available at all swimming events and have used the 95% CI of postrace [BLa] to determine suggested active recovery distances to reduce [BLa] to less than 2 mmol⋅L −1 for each event (see Table 3 ). Taken together with the findings of previous studies, 12, 13 coaches can now specify the distance to swim during the active recovery based on our prediction model and use an intensity associated with the lactate threshold or at about 65% swim speed depending on the information available for an athlete. Implementing this type of strategy for the active recovery should help maximize blood lactate removal following finals events for elite swimmers.
Practical Applications
The findings of this study suggest a distinctive pattern for postrace [BLa] across varying distances, supporting the need to individualize training based on the ener-getic demands of the event. Gender differences were only apparent in freestyle events, and age was not a significant determinant of [BLa] in adolescent and young adult high performance swimmers. The data from the current research provides athletes and coaches with normative postrace blood lactate reference values for comparison purposes. In addition, the active recovery lactate removal rate data from this study can be used to provide athletes and coaches with guidelines for active recovery protocol prescription.
